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Government thereby incurs no responsibility, nor any
obligation whatsoever; and the fact that the Govern-
ment may have formulated, furnished, or in any way
supplied the said drawings, specifications, or other
data 1s not to be regarded by implication or other-
wise as in any manner licensing the holder or any
other person or corporation, or conveylng any rights
or permission to manufacture, use or sell any
patented invention that may in any way be related
thereto.
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\,% - SUMMARY
This report is a summary of the work done at The RAND Corporation on
the radioactive fallout progrem of the Armed Fox;ces Special Weapons ProJject.
It discusses the best fit to the parameters which enter into the computa-
g tlon of radiocactive fallout and the sensitivity of the final pattern to
*j; changes in these parameters. It is concluded that fallout forecasts can be
w made which, though not extremely accurate, cen be of great value in opera-
*f tional problems.
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I. INTRODUCTION

A recent RAND report, Close-In Fallout, () presents a general survey of

the basic mechanisms for understanding local fallout, which have been
studied in great detail. Since the publication of this report, work has
been in progress toward establishing a better definition of the problem pre-
sented by these basic mechanisms and improving our understanding of the
details involved. The purpose of this paper is tc present the results of

studies made since the publication of Close-In Fallout and to bring out some

slight changes in the concept of the fallout proecess. However, in order to
provide a complete picture, a certain amount of the earlier background will
be given, including a brief resume of the physical process of fallout and
a definition of the problem. Following this, each of the parameters which
enter into the problem will be taken up in detail, and the results of studies
made over the past 18 months will be presented. The presentation will be of

e conceptual nature rather than a mathematical formulation.

Because of the great amount of technical detail to be presented in
this report, the scope of the subject matter will be more limited than in
Ref. 1. The basic parameters for a surface—burst bomb will be discussed
thoroughly, but the effect of height above the surface and of changing
surface conditions can be only briefly touched upon. The extent to which
local fallout can be determined will be considered, and the prospects for

nunerical forecasting will be presented. B8ince this is to be a report on

research done at RAND, it cannot be considered as a general survey or status

report on the entire problem of fallout. The work of the many other orgam

izations engsged in fallout research has been used, but no comprehensive
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sumsry has been made. This report, then, 1s a summary of the physicel
procesées and mathematical models of local fallout from surface—burst atomic

K bombs., ‘There is no biclogical, and only & minimum of radioclogical, informa—

_tion contained herein.
The detonation of 'an atomic device releases lefge amounts of energy

2

either through the rieeion of heevy stomg or the fusion of light ones. ‘he
release of:energy may;be accomplished through fission only or through a
cambination of fiseion and fusion. “he Lragucuts of the filssion of the
heavy atums are generally radioactive particles. Another source of radio—
' active particles or atoms is the activity induced in sume types of stabls

atoma b the capture of'neutrons. The nature of the radioactive products

- o

therefore varies greub;y, depending ok vhe mixbture of £ aad fusicn

(¢}
<]

'in the bomb and the elements which are available nearby to capture neutrons.
Because of the variation wbich is possible in the nature of the radicactive
products, this report will not deal with any purely radiological psrameters;
; instead, vhe fractic: of ‘the device will be the primary independent veria—
ole. The fractions whicg eae used and which will bhe discussed further in
this report are based on measurements of molvbdenum99 (M099), a radioactive
element formed in s predictable vey by fission, which generally falls out
witheut fractioqation‘ and represents a very good measure of the radicactive
f#ection of ﬁhe device. If the detsils of the radiologlcal components of the
bombﬁand the:soil ufe knowwu, it is elways possible to synthesize a proper
fadiologiealffacﬁer to be multiplied by the fraction of the device, hence

genefating either dose rate, integroted doeege, or any other measure of

w

Frachionution is the geporatlion of different isotopes due to
differencec in the nature of the radiocactive precursors.
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the rediocactivity.

The radioactive isotopes which are formed sare, for the most part, com "
tained in an extremely hot mass of air and residusl bomb debris. At the
time of detonation most of these isotopes will exist in the form of a cloud
of ions. As the cloud rises and cools the isotapes form into particles by
attaching themselves to solid particles which are swept through the cloud,
or by condensation into minute drops, or by a combination of both processes.
Naturally, the most refractory materials will form into particles firast and
some of the less refractory materials later. Of course, the noble gases
will not condense at all. We bave no measurements of particle formation
inside the fireball, thus, our knowledge of the actual method of formation
of the particles is not complete. However, an exmminatlion of the resulting
particles enables us to estimate the distribution of their mass and size.
It hes also been determined that some radiocactive elements which have gas—
eous precursors do not form particles early enough in the process to be
precipitated in the same way as some of the more refractory materials.
Thus, the problem of the refractionation —— the atwmospheric separation of
some of the radiocactive elements from the main body of the fallout —— must
be borne in mind,.*

The particles which are thus formed and the activity which they carry
represent one of the necessary inputs to any fallout model. The informa—

tion which we have sbout the size, mass, and fall rates of these radioactive

particles and the distribution of the radioactivity with particle size has

actually all been deduced from observations of the fallout pattern (the two

< ‘
Strontium 90 and cesium 137, two materials strongly fractionating
seem to be deposited in a way that is different from that of Mo99.
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different ways in which theseé deductions have been méde will be digcussed

in deteil later). This distribution represents one of the important initiael
parameters, for it is necessary to know what fraction of the activity re—
sides in particles of different sizes.

The tremendous energy released by a nuclear detonation over a small
space and in a short time causes a large bubble of hot air. This hot, low-
density air has a tendency to rise through the atmosphere. As it rises it
does work against the atmosphere and in so doing is cooled. It has been
observed that the outward gradient of temperature, in the hot bubble of air,
causes the central portion to rise relative to the outside portion of the
cloud. This causes an overturning of the cloud, and a toroidal or smoke
ring circulation develops. Most of the perticles of radicactive debris
end up in the core of the smoke ring. This is an extremely steble circule—
tion. Most of the radiocactivity is carried eloft with the cloud, and only
e small fraction escapes from the toroidal circulation to be left behind
to form & wake or stem. The materiasl thus carried upward forms the radio—
active cloud.

When the energy which caused the cloud to rise has been dissipated by
rising through and mixing with the atmosphere, the cloud arrives at a
stabilization point, the height of which depends very markedly on the yield
and, to some extent, on the conditions in the atmosphere. For the larger
ylelds, the toroidal circulation continues for a while after stebilization,
and this tends to expaﬁd the radius of the toroid; thus, as the cloud
approaches 1ts stabilization point, a continued horizontal expansion is
noticed. At about five or six minutes after detonation, when the cloud hes

stabilized, the initial wspace distribution of the radioactivity is
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established. It is in the form of a ring-shaped body of debria of particlés :
of varioun sizes. In addition to this ring-shaped body there vm be _some |
treiling materiel down rlong the wake or stem of the cloud.. The experiments
during Operation Redwing, abcut which more will be sald later definitely -
show that there is a very small fraction of the debris contained in the
stem of the cloud. The gpace distribution of the radioactivity represenfl

another important parsmeter of the radicactive fallout. These same Redwing

experiments demonstrate quite conclusively that the majority of the raAib-I

active debris is in the lower portion of the visible clowd and that it is .;_.4533‘

contained in a ring around a central portion which has relatively little - = .u .
debrig, . i ‘ ™
e .»""'-'%.
Afver stabilization, the toroddal circulation rapidly decey,, and the

particles of debris fell from that eievation to the ground. The particles '?‘?
will attein some sort of terminal velocity and will, of course, be trans— QA
ported by the wind. If it is assumed that the vertical motion of the air
is negligible in comparison with the fall rate of the particles, then the
vertical velocities of the particles can be computed. Thus, the fa;l_raté
of the particles, which will be a function of the size, shape, height, and -
density of the perticles, is an importent and necessary component of ghg
ToLlOUt analysis. ' . ,.

It can be shown that for the particles which comprise the mqjor;%y Rf :
the fallout; the wind can be considered to trénsport them with the‘quéd
of the wind. That is to say, there is no appreciable lag in the pa;ticiea:

following the wind flow. Suffice it tc state here that the wind will carry -

the particles in the horizontal direction, and it is imperative to Know vhere

the wind ls going to carry them.
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There are seversal variations in:- the wind which must be considered.

. First of all, there are large shears of the horjzontal wind in the vertical,

and these.sng;d be accounted for. Furthermore, some of the particles take
quite & bit of time to reach the ground; and during this time the wind petterns
will change, so the time variation of the winds must be taken into account.
Alﬁo, some of the particles are carried over great distances, 80 we need

to take into eccount the variation of the wind in the horizontsal. Thus, to
be precilse, the‘idnd should be considered as a functicn of the space dimem—
Qiohs and time.

To éunnmrize, then, in order to compute or predict fallout it is
neceasaryvto,know the distribution of activity with particle size, the dis—
tribution of the activity in space ai the tima of atabilization; the fall
veioeity of the particles, and the wind structure. In the following sec—
tiopé these parameters will be considered in turn. They will be considered
chiéfly in connection with surface—burst bombs in the megaton range.

Finally, we shall attempt a synthesis of the individusl parameters into
thq final fallout pattern. Note that there is no necessity in this work
for discussing the radiological nature of the debris. We speak of the
fraction of the device, and we compute this fraction on the basis of Mo”7 — —
one QI the pest kuown rauiout components. Thus, the cleanliness of the
weapcn, the fission—fusion ratio, the nature of fission products, or induced
gcﬁivities, need not concern us in defining a fallout pattern. We will de—

fine the fraction of the device, and if there.is any further information as

[to the nature of the radioactive material, this can be incorporated with

the fraction—of—device numbers and all the customary radiological velues

dcduced. Obvicusly, since we have not considered radioiogical parameters,

we will not concern ourselves with the bilological effects of radiation.
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I1. ACTIVITY-PARTICLE SIZE DISTRIBUTION

There have been quite a few attempts to deduce the distribution of
radioactivity with particle size. One of the most usual methuds of mmking
this deduction is to plot the position of various sized particles from
various elevations in the clouds according to thelr fall velocity and the
winds, then to measure the ground activity at that point and to assign the
fraction of activity as a function of particle size in accordance with the
amount on the ground associated with that particle size. This was essentially
the method used to determine the particle size and activity distribution
for the Jangle surface shot as presented in RAND report R—265—AEC.(2? It
1s elso the essence of the Weather Bureau procedure in determining the
activity-size distribution for tower shots.

Another more direct method is to simply measure the activity on par—
ticles that have been sized after they have been collected. This is the
method uged by Krey(3 ) in analyzing the activity and particle size distri—
bution from the collections on YAG~HO at the Zuni Redwing shot.

Figure 1 presents several sets of results that have been obtained in
the past. The scales may be awkward, but they are ideal for containing all
of the data. The ordinate is a logarithmic scale and the abscissa is the
integral of the Gaussian error function. Thus, & straight line on this
particular graph would represent a "normel distribution™ in the logarithm
of the particle size. The graph is cumulative so that the fraction of
material on particles less than the size shown on the ordinate is resd on
the abscissa. The heavy solid line is the log normal curve which is fitted
to the distribution taken from Ref. 2. The circles are points from the

digtribution in Ref. 2. It can be seen that most of the ‘data, at least near
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" the center of the graph 13 clustered very closely around this line. It

I

may perhaps be worthwhile to'note Bome of the de»iations from this. To the

upper left of theivtraﬂght line is shOWn the NRDL curve derived from Jangle

aurfage and underground shots by analyzing particle siZe.( ? This shows a

‘much larger ffaction of large particles. It is believed that the fact that
data from the underground shot were used in deriving this curve has caused
it to indiqate too many large particles for a surface burst. The short bit
cf curvé oh thé lower right of the straight line represents the average of
the wéather Bureau examinetion of the tower shots in Nevada.(s) It is to

be expected that the tower shots would have a larger fraction of small

particles because there is not as much dirt taken into the firebsll.

Mo dado Puose Veamsel m e wads of =t AATY A
AT ULV ALVAU M CSYy O ou.cu.nq PR Y ~

ing. The lower end of the curve, that is, the pert dealing with the smaller
sizes, shows an almost linear trend on the log—normal paper. However, for
particles larger then T4 microns the curve falls off, showing 100 per cent
of the materisal or particles less than 210 microns in radius. This is
probably caused by the fact that the larger particles fall to earth long
before they could reach the ccilection station. Thus, the curve represent—~
ing Krey's data is based on a biased sample. The pame may be true for the
rei. 2 cwrve wnicn 1eiis u.i in 8 similaer manner but wnich reaches nigner
values.

A log~£o£;$i curve appears to be o good fit to the bulk of the data.
The Weather Bureau curve for tower shots, vhich appears at the lower right
of the surface—ﬁﬁrst data, can be discounted because they are not surface

bursts. Tbe NRDL cu‘ve, at the upper left of the main body of datse, can

be discounted becuuse of Lhe ‘nclusion of data from the underground shot.

" CONFIDENTIAL
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The efficiency of large particles in Krey's curve and the estimate presented
in Ref. 2 can be attributed to the removel of the large particles in such

ghort time that they do not enter into the sampling procedures.

Toe wanner in which the curves presented in Fig. 1 have been obtained
is more of lscg biesed. There has been no methcd found to date for getting
a completely unbiased sample of the particle size from the original cloud
and the prospect of obtaining unbiased measurements is not bright, because
of the tremendous problems involved in sampling, sizing, and measuring the
radioactive particles.

The work done to dste has served to indicate that a lognormsl distri-
bution appears to bs & reasonable choice for the distribution of activity
with particle size. There has been some evidence that there 13 a different
distribution of activity with particle size at different elevations; in
other words, the distribution of activity with particle size is not inde—
péndent of height. However, for.the purposes of this study, the assumption
was made that the activity distribution with particle size was completely
independent of the activity distribution vifh height. A review of some of
ths attempts to separaye the pize distributions according to height indicates
that the assumption of independence will not cause any serious difficulty.
As a matter of fact, none of the observations are sufficiently accurate to
warrant the conclusion of differing particle size—activity distributions
with height.

Since the distribution appears to be a3 log—normal, and since the data
gtudied so far has consideruble bies, 1t was decided to altempt to recon
struct a log-normal particle size—activity distributicn which would best

fit the Zuni results on Operation Redwing. The baslc ascumptions of this
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approach are that the distribution is log-normal, that it is independent of
elevation (as mentioned above), that the distribution of activity with height
418 known, and that the winds are known as functions of space and times. The
excellent series of weather maps which were analyzed by the Joint Task Force 7
Weather Group for the Redwing Tests(6) vas used to construct time-varying and
space-varying wind patterns. The distribution of the activity with height
was taken from the rocket results as reported in "Fallout Studies During
Operation Redwing."('n Using the method of computation as outlined

in Ref. 8, five different log-normal. distributions* were chosen and each

of them was used to make a computation of the activity at each of five
different measur:lné statlons. For each gtation a plot was made on axes

which represented the mean of the logarithm of particle size for the ordinate
end the sta.nda."rd deviation of the logarithm of particle size for the sbscissa.
Each of the five distributions on this graph are therefore represented by a
point. At each of these five points the computed fraction of the device for
that particular measuring station was entered, The five values of fractions
vwere then used to subjectively construct lines of equal fraction of device

as a function of mean of the logarithm of particle size and standard devia—
tion of the logarithm of particle size. The measured value (dee Ref. 9) vas

then used to f£ind the line of possible means and standard deviations for

*
The log-normal function is simply the Gauséian distribution in the

logarithm of the varisble. If x = log r and the distributica of x is normal,
then

\,
_1(logr = Togr)
‘ 1 2 alog r
P(log r) = e d(log r)
«/2#0108 r

This is a two—parsmeter distribution in vhich the distribution is completely
determined by the means of the logarithm of the particle radius and the
standard deviation of the logarithm of the particle radius.
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each of the stations. On Fig. 2 the observed range of each of the five
stations is superinn;;osed. It may be noted that there are no lixies for the
results from YAG-39. This station was at an extreme edge of the fallout
pattern and the fallout did not arrive here until almost 2k hours after the

event., With this long delay time the wind errors accumulate to such an

" extent that no confidence can be placed in the wind plot (see Sec. V).

Therefore, lack of fit of this one station does not seriously ‘di‘screciit
the results.

The other four stations show that the mesn and standard deviation
vhich best fit all of the stations must be within the area that has been
chosen. SubJjective best estimates for the wean of the logarithm of the
radius and the standard deviation of the logarithm of the radius are 1.65
and 0.30 respectively. This particle size distribution was then used in
the model with the wind from the Tewe shot from Operation Redwing. The
results that this particle size—activity distribution gave on the independ—
ent test with the Tewa shot were most gretifying. A plot of the computed
versus the measured fraction is shown in Fig. 3.

Because of the known uncertainty in the particle gize distribution, it
is necessary to know something sebout the effect of any changes in the dis—
tribution on the fallout pattern. It is apparent that a large fraction on
small particles willl produce &n extensive pattern. A large fraction on
large particles will produce a less extensive pattern but one of greater
intensity. For a lognormal distribution with a given standard deviation,
an increase in the mean will place more activity on lerger particles which
are deposited near ground zero and less on particles which are, for the

most part, too smell to appear in the local fallout in any event. Thus
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the changes in the velue of the mean of the logarithm produce large changes
in the pattern near ground zero. For example, a change in the mean of the
log of r from 1.47 to 1.67 increased the fraction at the stations within

20 mi of ground zero by factors of from 4 to 10. At more distant stations,

vhere particles from the center of the distribution cause the fallout, the

shift of the mean will cause less change in the fraction in any particle size

range, therefore a shift in the mean of the magnitude quoted above produces
an increase of a factor of only l.5 for & station —— approximately 60 mi
from ground zero., On the distant edge of the local fallout pattern only a
fine rain of small particles occurs and the frection is quite insensitive
to change in the mean.

For a given mean value, an increase in the standard deviation of the
Alog«normal will cause an increase in the fraction of particles at both ends
of the distribution. Since the small end of the particle spectrum does not
contribute much to the fallout, the change on the small end is not noticed.
The depletion of the center of the distribution shows up as a decrease in
fraction at intermediate distances with increasing o¢; the augmentation of
the large end shows up as an increase in fractions at very close stations
with increasing . Thus an increasse in Ulog r from .27 to .37 decreases
the fraction slightly in the area whers the center of the distribution falls
and doubles or triples the fraction in the region close to ground zero.

We believe that the distribution of activity with particle size is
determined more by the conditions of the burst ——the temperature obtained
and the nearness to the surface —-—than by the nature of the underlying
surface. Until further evidence to the contrary can be presented, vevvill_

assume that the distribution of sctivity with particle size for surface—

CONFIDENT!AL




‘ - e g

- -~ CONFIDENTIAL

a9 FORMERLY RESTRICTED DATA

AYOMIC ENEIGY ACT—1954 °

" burst weepons will be that of a. .log-norm&l w:lth a mean of 1. 65 and a
standard deviation of O 30. : 4
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